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Spindle pole bodyDuringmitosis andmeiosis, kinetochore, a conservedmulti-protein complex, connectsmicrotubulewith the cen-
tromere and promotes segregation of the chromosomes. In budding yeast, central kinetochore complex named
Ctf19 has been implicated in various functions and is believed to be made up of three biochemically distinct
subcomplexes: COMA, Ctf3 and Iml3–Chl4. In this study, we aimed to identify whether Ctf3 and COMA
subcomplexes have any unshared function at the kinetochore. Our data suggests that both these subcomplexes
may work as a single functional unit without any unique functions, which we tested. Analysis of severity of the
defects in the mutants suggests that COMA is epistatic to Ctf3 subcomplex. Interestingly, we noticed that these
subcomplexes affect the organization of mitotic and meiotic kinetochores with subtle differences and they
promote maintenance of Cse4 at the centromeres speciﬁcally during meiosis which is similar to the role of
Mis6 (Ctf3 homolog) in ﬁssion yeast during mitosis. Interestingly, analysis of ctf3Δ and ctf19Δmutants revealed
a novel role of Ctf19 complex in regulation of SPB cohesion and duplication in meiosis.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The fundamental task of mitosis and meiosis is the vertical transfer
of chromosomes with high precision from mother to the daughter
cells. In mitosis, one round of DNA replication is followed by one
round of chromosome segregation whereas in meiosis, one round of
DNA replication is followed by two rounds of chromosome segregation.
To cater two rounds of chromosome segregation, SPB, the microtubule
organizing center in budding yeast also undergoes duplication two
times within a single meiotic cell cycle.
Kinetochore, a large multi-protein complex formed on the centro-
meric loci of chromosomes, mediates the attachment of centromeres
to the spindle microtubules and plays pivotal role in chromosome
segregation both in mitosis and meiosis. In budding yeast, kinetochore
is made up of around 100 proteins, which are categorized as inner,
central and outer kinetochore proteins with respect to their relative
positioning at the DNA-microtubule interface (Fig. S1, [1,6,28]). These
proteins are divided into several biochemically stable complexes on
the basis of co-puriﬁcation and physical interaction studies [1,6,28].
The inner kinetochore proteins, which bind to the centromeric DNA,
include CBF3 complex (Cep3, Ndc10, Ctf13, Skp1), cenH3Cse4, Mif2 and
Cbf1 (Fig. S1, [25,34–37]). The central kinetochore complexes, linking
the inner and the outer proteins, include complexes namely Ctf19
(Ame1, Okp1, Ctf19, Mcm21, Iml3, Chl4, Ctf3, Mcm16, Mcm22), Mtw1
(Mtw1, Dsn1, Nsl1, Nnf1), Ndc80 (Ndc80, Spc24, Spc25, Nuf2), andSpc105 (Spc105, Ydr532). The proteins of Ctf19 complex are classiﬁed
into three biochemically stable subcomplexes namely COMA (Ctf19,
Okp1, Mcm21, Ame1), Ctf3 (Ctf3, Mcm16 and Mcm22) and Iml3–Chl4
(Fig. S1, [1,6,28]). The outer kinetochore is constituted mainly by ten
members of DASH complex, along with several other motor proteins,
microtubule associated protein and kinetochore–microtubule attach-
ment/tension sensing proteins [1,6,24,28,58].
Co-puriﬁcation studies using central kinetochore proteins as prey
have categorized several of the abovementioned central kinetochore
proteins (COMA subcomplex, Ctf3 subcomplex, Iml3–Chl4) along
with three other proteins namely Nkp1, Nkp2 and Cnn1 under a
‘supercomplex’ termed as Ctf19 complex [24,58]. However, integrity of
this complex as a single functional unit is dubious. This is because several
proteins of Ctf19 complex namely, Mcm21, Ctf3, Mcm16, Mcm22, Iml3
and Chl4 are dispensable for vegetative growth individually or in combi-
nation of two, three or evenmore whereas Okp1 and Ame1 are required
for viability which argues for some non-overlapping functions among
the Ctf19 complex proteins. This can be further corroborated by the
fact that COMA, Ctf3, and Iml3–Chl4 have been isolated as separate bio-
chemically stable subcomplexes [9,29,44,46] where COMA subcomplex
proteins bind to the inner kinetochore proteins andmore peripheral pro-
teins like Ctf3, Mcm16, Mcm22 (originally categorized as separate Ctf3
subcomplex), Iml3 and Chl4 do not. Furthermore, a recent study using
cells with spindle stress has provided hint towards distinct function of
Iml3 and Chl4 at the kinetochore [22]. Therefore, it would be interesting
to address whether all the proteins of Ctf19 complex work as a single
functional unit or there are non-overlapping functions among the con-
stituent proteins.
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plication from its segregation is achieved through holding of two sister
chromatids by a four subunit-complex called cohesin [30,43,45]. The
nonrandom distribution of cohesin along the chromosome requires an
evolutionary conserved heterodimeric cohesin loader, namely Scc2/
Scc4 [7,38]. Analysis of distribution of cohesin along the chromosomes
in budding and ﬁssion yeast has revealed that maximum accumulation
of cohesin occurs at the pericentromeric region [2,14,19,23,26,57]. This
pericentric enrichment of cohesin appears to occur both in mitosis and
meiosis and is essential for faithful chromosome segregation in both di-
vision cycles [10,21,27,57]. It has been demonstrated that kinetochore
promotes the formation of pericentric cohesin rich domain [10,11,57]
presumably through Ctf19 complex-dependent targeting of DDK kinase
at the centromere that is followed by enrichment of cohesin loader
Scc2/Scc4 at the pericentromere [12,21,42].
Duringmitosis, SPB duplication is strictly coupled with DNA replica-
tion that occurs once per cycle. However in meiosis, SPB duplicates
twice, once during interphase I (prior to meiosis I) which is coupled
with premeiotic DNA replication. Second duplication occurs during in-
terphase II (followingmeiosis I and prior tomeiosis II) and independent
of DNA replication. Several studies have shown the importance of
cohesin in centrosome/SPB cohesion and duplication [18,32,41]. Impor-
tantly, studies by Yu and colleagues using yeast cells have shown that
the absence of cohesin and aurora B kinase (Ipl1) leads to SPB cohesion
defect inmeiosis, that leads to over duplication of SPB during interphase
II and generation of multipolarity [18,52].
In this work, to reveal any non-overlapping function within the
members of the Ctf19 complex, we have characterized ctf3Δ mutant
and compared our results with previously reported ctf19Δ, iml3Δ and
chl4Δmutants as the corresponding proteins were isolated as a compo-
nent of separate stable subcomplexes. We failed to detect any synthetic
enhancement of gross meiotic defect in cells deleted for both Ctf3 and
Ctf19 functions suggesting that these proteins work in the same path-
way, however, Ctf19 function appears to be epistatic to Ctf3. To assess
the role of these proteins in kinetochore assembly, our analysis suggests
that Ctf3 and Ctf19 differentially regulate the level of Cse4, histone H3
variant and budding yeast CENP-A homolog, at the centromeres during
mitosis, whereas during meiosis both complexes are required for
achieving normal level of Cse4 at the centromeres. Additionally, to our
surprise, our study reveals that the integrity of the Ctf19 complex or
perhaps the kinetochore has direct or indirect role in regulation of SPB
cohesion and duplication during meiosis. Further analysis suggests
that a close proximity of the pericentric cohesin rich domain to the
SPB may be crucial for this. Thus, this report concludes that all the com-
ponents of Ctf19 ‘supercomplex’ act as a single functional unit in the
context of chromosome segregation, although they affect kinetochore
ensemblewith subtle differences, and can inﬂuence Cse4 loading/main-
tenance. Finally, this study uncovers yet another novel role of kineto-
chore in regulation of proper SPB cohesion and duplication in meiosis.2. Experimental procedures
Experimental procedures are described in detail in [31].2.1. SPB cohesion assay
To monitor SPB cohesion, cells were released synchronously into
SPM. Aliquots were withdrawn at the indicated time points and ﬁxed
with ﬁnal concentration of 1% formaldehyde for 1 h at room tempera-
ture. Multi-dimensional multi-channel (GFP and bright ﬁeld) images
were captured using Zeiss Axio Observer.Z1 microscope (60× 1.4 NA
apochromate objective lens), equippedwith Axiocam camera and Axio-
vision software. Cells were classiﬁed into two categories based on SPB
singlet or doublet conﬁguration as shown in Fig. 7A.2.2. Measurement of CEN–SPB distance
Samples were harvested from SPM after 7 to 10 h and ﬁxed with 1%
formaldehyde for 1 h at room temperature. For microscopic observa-
tion, cells were immobilized on a thin layer of 1% agarose. Multi-
dimensional multi-channel images were acquired using Delta Vision
(Applied Precision) microscope with 60× (1.4 NA) apochromate
objective lens. For measuring 2D distance, acquired images were
deconvolved and projected with SoftWoRx software. Cells, showing
two SPBs separated by distance of 1.8 to 4 μm,were considered asmeta-
phase I cells. Distance between SPB (red dot) and CENV (GFP dot) was
measured from metaphase I cells, using distance measurement tool of
SoftWoRx. For measuring 3D distance, images at different planes were
directly used to calculate the distance between red and green dots
using SoftWoRx software. The plane was chosen on the basis of
brightest pixel.
2.3. SPB multipolarity assay in the wild-type
Cells were synchronously released into SPM. Following 5 h in SPM
when most of cells showed one Spc42-EGFP dot and few cells showed
two Spc42-EGFP dots, culture was divided equally in two ﬂasks. One
culture was treated with 60 μg/ml benomyl (in DMSO) whereas in
other ﬂask, only equal volume of DMSO (without benomyl) was
added and incubated further until the completion of meiosis, as ob-
served by the presence of 4 or more SPB foci (EGFP dots). At this time
point samples were harvested and processed for chromatin spread as
mentioned previously [31]. Chromatin was stained with DAPI (1 μg/ml
DAPI) and imaging was done using Zeiss Axio Observer.Z1 microscope
as mentioned above.
2.4. S phase arrest of cells by hydroxyurea (HU)
Cellswere released into SPMandhydroxyureawas added after 1 h at
0.2 M concentration. Cells were further cultured for 3 h, followed by
formaldehyde crosslinking for 2 h and harvested for ChIP and FACS
analysis.
2.5. FACS analysis
1 ml of exponentially growing cells (1–2 × 107 cells/ml) was spun
down and ﬁxed overnight in 70% ethanol at 4 °C. Following ﬁxation,
the cells were washed and resuspended in 0.2 ml of 0.2 M Tris–HCl
(pH7.5)with 20mMEDTA (pH7.5). RNaseAwas added to theﬁnal con-
centration of 1 mg/ml and the cells were incubated at 37 °C for 4 h. The
cells were washed with PBS (0.04 M K2HPO4, 0.01 M KH2PO4, 0.15 M
NaCl), resuspended in 0.1 ml of the same buffer containing 50 μg/ml
propidium iodide and incubated overnight at 4 °C. Before analysis the
cells were diluted 10 fold in PBS and sonicated at 50W for 5 s. Flow cy-
tometry was performed using BD FACSAria ﬂow cytometer.
List of yeast strains constructed for this study is listed in Table S1.
3. Results
3.1. Absence of Ctf3 affects meiotic chromosome segregation less severely
than ctf19Δ mutant
Ctf19 complex contains COMA, Ctf3 and Iml3–Chl4 subcomplexes in
addition to Nkp1, Nkp2 and Cnn1 proteins [6,24,33] although individual
subcomplexes were biochemically puriﬁed as stable entities. To deci-
pher whether these subcomplexes indeed act as a single functional
unit or they exhibit any non-overlapping functions, we analyzed ctf3Δ,
ctf19Δ single mutants and ctf3Δ ctf19Δ double mutant as a representa-
tive condition for loss of function of Ctf3, COMA and both subcomplexes,
respectively. As previous studies have shown that Ctf19 complex pro-
teins play an essential role during meiosis but not during mitosis [14,
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ctf3Δ, ctf19Δ and ctf3Δ ctf19Δ mutants. All the mutants used in this
study were homozygous mutant except mentioned otherwise. As a
ﬁrst set of experiments, we analyzed spore viabilities as a measure of
aneuploidy in the mutants with a presumption that more severe
missegregation of chromosomes will lead to lesser spore viability. Any
synergistic drop in spore viability in the double mutant over the single
will account for the two proteins having non-overlapping functions.
Upon dissection of 60 tetrads, we observed 19%, 8%, 8% and 98% spore
viabilities in ctf3Δ, ctf19Δ, ctf3Δ ctf19Δ and wild-type, respectively
(Fig. 1A). This result indicates that both Ctf3 and Ctf19 work in the
same pathway albeit the effect of loss of Ctf3 on meiotic chromosome
segregation being less severe than loss of Ctf19.Fig. 1. Ctf3 subcomplex affects the meiotic chromosome segregation less severely than
COMA: A) percentage of spore viabilities for the wild-type (SGY116), CTF3/ctf3Δ
(SGY1353), ctf3Δ/ctf3Δ (SGY1043), ctf19Δ/ctf19Δ (SGY136), and ctf3Δ ctf19Δ/ctf3Δ ctf19
Δ (SGY1272). 60 tetrads were dissected for each strain. B) Rate of progression through
meiosis by the wild-type, ctf3Δ, ctf19Δ and ctf3Δ ctf19Δ cells. Stages of the cell cycle
were identiﬁed through positions of the spindle with respect to the nuclei. More than
100 cells were observed for each strain at each of the time points. Prophase I and meta-
phase I arrested cell populations are shown by arrows. Consistent results were obtained
from two independent experiments, out of which representative data of one experiment
is shown.Since the spore viability can be affected by reasons other than chro-
mosomemissegregation also, wewished to test how the singlemutants
and the double mutant proceed through meiosis as we argue that cells
with more severe defect in chromosome segregation will proceed
more slowly. To observe the kinetics of meiotic progression, we
performed immunoﬂuorescence to visualize spindle and nucleus to
identify the stage of the meiotic cell cycle [31]. Wild-type and ctf3Δ,
ctf19Δ, ctf3Δ ctf19Δ cells were released for synchronous meiosis and
cells were harvested at 4, 6, 8, 10 and 12 h intervals. All the mutants
were found to progress slowly through meiosis than wild-type which
is consistent to our previous observation in ctf19Δ (Fig. 1B) [31]. ctf3Δ
mutant progresses faster than ctf19Δ and ctf3Δ ctf19Δmutants. Howev-
er, ctf3Δ ctf19Δ doublemutantwas found to progress slightly faster than
ctf19Δ single mutant (Fig. 1B). Additionally, signiﬁcant population of
ctf3Δmutant and ctf3Δ ctf19Δ doublemutant cells showed transient ar-
rest at prophase I/metaphase I, which is similar to ctf19Δmutant report-
ed earlier [31] (Fig. 1B). These results indicate that the absence of Ctf3
likely affects various events of meiosis I, similar to what we observed
in ctf19Δ [31], but with less severity in comparison to ctf19Δmutant.
3.2. Ctf19 complex proteins work as a single functional unit
Earlier we and others observed that ctf19Δmutant shows increased
length of metaphase I spindle, leakage of cells from metaphase I arrest
and formation of chromosomebridging during anaphase I which are be-
lieved to be due to reduced localization of cohesin at the pericentromere
and condensin at the overall chromatin [11,31].We hypothesized that if
all the components of Ctf3 and COMA subcomplexes work as a single
functional unit (Ctf19 complex), then loss of either Ctf3 or Ctf19 should
showdefects similar to the cellswhere both proteins are lost. Consistent
to this notionwe found similar level of increase in length ofmetaphase I
spindle (Fig. 2A) and leakage of cells from metaphase I arrest (Fig. 2B),
indicative of cohesion defect, in ctf3Δ and ctf3Δ ctf19Δwhich is compa-
rable to what has been earlier observed in ctf19Δ [31]. Furthermore,
similar to ctf19Δ cells [31], chromosome bridging phenomenon has
also been observed during anaphase I in ctf3Δ and ctf3Δ ctf19Δ cells
(Fig. 2C), presumably indicative of chromosome condensation defect
[31]. Importantly, in all these cases, the magnitude of defects observed
in ctf3Δ and ctf19Δ single mutants is comparable to ctf3Δ ctf19Δ cells.
These results indicate that Ctf3 and Ctf19 have overlapping functions
and hence Ctf3 and COMA subcomplexes may work together in the
same pathway.
3.3. Rec8 loading at the core centromeres in Ctf3 and COMA mutants is in-
dependent of cohesin loader Scc2
Previously it has been shown that the components of Ctf19 complex
(Iml3, Chl4 and Ctf19) promote formation of a 50 kb cohesin rich do-
main surrounding the centromere in mitosis and meiosis [10–12,31].
Since loss of Ctf3 subcomplex shows cohesion defect between the sister
chromatids, causing higher level of MII nondisjunction of the sister
chromatids [11], we wished to test how the loading of Rec8 is affected
in ctf3Δ mutant at the centromeric and pericentromeric locales
(Fig. 3A). We failed to detect any signiﬁcant reduction in localization
of Rec8 at the core centromeres in ctf3Δ cells (Fig. 3B, C3.2), whereas
more than half reduction was observed at the pericentromere locales
(Fig. 3B, P3.2 and P3.3). This is similar to what has been observed re-
peatedly and convincingly with ctf19Δmutant (Fig. 3B, [31]). Further,
to support the earlier notion that both subcomplexes (Ctf3 and Ctf19)
work as a single functional unit Rec8 localization was also checked in
ctf3Δ ctf19Δ doublemutant which resulted in similar pattern aswas ob-
served in the single mutants (Fig. 3B).
In budding yeast, it is believed that establishment of cohesin rich do-
main at the pericentromere depends on kinetochore-dependent enrich-
ment of cohesin loader, Scc2/Scc4 at that region [12,21] in contrast to
the previous report of cohesin translocation from distant loading sites
Fig. 2. Ctf19 complex shows sister chromatid cohesion and chromosome nondisjunction defects: A) spindle length was measured in metaphase I arrested (pCLB2-CDC20) wild-type
(SGY205), ctf3Δ (SGY1192), ctf19Δ (SGY 188) and ctf3Δ ctf19Δ (SGY 1416) cells. Error bars represent standard deviation. p values were calculated using two tailed paired T-test. * =
p b 0.0003; ** = p b 0.00015; *** = p b 0.003. B) Immunoﬂuorescence analysis to observe the stage of meiosis in wild-type (SGY205) and ctf3Δ (SGY1192), ctf19Δ (SGY 188) and ctf3
Δ ctf19Δ (SGY 1416) mutants. C) Immunoﬂuorescence analysis showing occurrence of chromosome bridging (arrowhead) during anaphase I in the wild-type (SGY116), ctf3Δ
(SGY1043), ctf19Δ (SGY136), and ctf3Δ ctf19Δ (SGY1272) strains. Consistent results were obtained from two independent experiments and more than 100 cells were analyzed for
each strain. Bar = 5 μm.
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served at the pericentromere and at the chromosomal arm regions
[21]. Since we observed that considerable amount of cohesin remains
loaded at the core centromere even in the absence of Ctf3 or Ctf19
which is in contrast to observations made by other groups [10,11], we
wished to test whether this cohesin is targeted because of ‘self-loading’
property of the cohesin through loading of Scc2/Scc4 at the core centro-
meres [12].We examined the localization of Scc2 at the same centromer-
ic and pericentromeric regions of chromosome III which we tested for
Rec8, in the presence and absence of Ctf3 and Ctf19 in cells arrested at
metaphase I. Unlike Rec8, ChIP assays showed signiﬁcant reduction in
the level of Scc2 at both regions in both mutants as compared to the
wild-type (Fig. 3C). This result indicates that level of Rec8 at the core cen-
tromere can be maintained even when there is a drop in Scc2/Scc4 level
at that locale, at least in the absence of Ctf3 or Ctf19. To judge whether
the observed reduction in the level of Scc2 in metaphase I is due to a de-
fect in recruitment or maintenance of these loaders in the mutant, we
measured the level of Scc2 in cells arrested at earlier time point i.e. at
the beginning of S phase by hydroxyurea as conﬁrmed by FACS analysis
(Fig. S2A). ChIP assay of Scc2-9Myc from these cells showed that level of
Scc2 was not reduced in the absence of Ctf3 and Ctf19 (Fig. S2B). This
suggests that it is not the loading but the maintenance of Scc2/Scc4
that may become perturbed in ctf3Δ or ctf19Δmutant.3.4. Absence of Ctf3 or COMA subcomplexes affects the ensemble of mitotic
and meiotic kinetochores with subtle differences
From the above results it appears that the components of Ctf3 and
COMA subcomplexes act as a single functional unit. If this is true, remov-
al of either Ctf3 or Ctf19 should have similar impact on the hierarchical
organization of the kinetochore ensemble. In our previous study, we ob-
served that the localization of Ndc10 at the kinetochore remains unaf-
fected in the absence of Ctf19 during mitosis, but drastically reduced
during meiosis [31]. We wished to test if similar situation arises in the
absence of Ctf3. Like Ctf19, we observed that Ctf3 is dispensable for
the localization of Ndc10 at mitotic kinetochores but it is essential for
the same at meiotic kinetochores (Fig. 4A).
We further observed that the absence of Ctf3 or Ctf19 does not per-
turb the localization ofMtw1 at the kinetochore duringmitosis, but dur-
ing meiosis, the absence of Ctf3 leads to enrichment of Mtw1 at the
kinetochore whereas the absence of Ctf19 has no effect on the localiza-
tion of Mtw1 at the kinetochore with respect to the wild-type during
meiosis (Fig. 4B). The above results indicate that Ctf3 and Ctf19 com-
plexes affect the meiotic kinetochore ensemble with subtle differences.
DNA sequence of Ctf3 is homologous toMis6 of Schizosaccharomyces
pombe. Mis6 binds to the centromere [29,48] and it is required for
targeting of Cnp1 (ﬁssion yeast CENP-A homolog) to the centromere
Fig. 3. Role of Ctf19 complex in enrichment of cohesin and its loader Scc2 at centromeres and pericentromeres: A) location of PCR amplicons (horizontal bars) on chromosome III used for
qPCR analysis of ChIP samples. The black circle represents the core of the centromere and the green color represents the pericentromeric region. Chromosomal arms are shown in yellow.
B) ChIP assay for quantifying association of Rec8-6HA with different chromosomal loci in cells arrested at metaphase I. No tag control (SGY70), REC8-6HA (SGY205), ctf3Δ REC8-6HA
(SGY1192), ctf19Δ REC8-6HA (SGY188) and ctf3Δ ctf19Δ REC8-6HA (SGY1416) strains carrying homozygous pCLB2-CDC20 alleles were used in this study. C) ChIP assay for quantifying
association of Scc2-9Myc at the same locales as of “B”. SCC2-9MYC (SGY1204), ctf3Δ SCC2-9MYC (SGY1208) and ctf19Δ SCC2-9MYC (SGY 1241) strains were used. ChIP assays were per-
formed thrice and qPCR was performed in duplicates from each assay. The values are shown with error bars depicting standard deviation.
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mains unperturbed in the absence of Ctf3 or Ctf19, at least inmitosis, al-
though genetic interactions between Cse4 and Ctf3/Ctf19 have been
reported [29,49]. Prompted by our observations that kinetochore pro-
teins may be organized differently in meiosis over mitosis [31], we
wished to test if the localization of Cse4 at the centromeres in meiotic
cells can get affected in the absence of Ctf3 or Ctf19. This was further
corroborated by our earlier observation that the loss of Ctf3 or Ctf19
function reduces the localization of Ndc10 at the centromere in meiosis
(this study, [31]), which may in turn reduce the localization of Cse4 at
the centromere [3]. To test this possibility, we checked Cse4 localization
inmitotic cycling andmeiotic metaphase I arrested cells in the presence
and absence of Ctf3 and Ctf19. Duringmitosis, we failed to detect any al-
teration in the level of Cse4 at the centromere in ctf3Δmutant compared
to the wild-type which is consistent to the previous observation
(Fig. 5A, [29]) whereas ctf19Δ mutant showed enrichment of Cse4 atthe centromeres, suggesting differential impact of these complexes on
mitotic kinetochore ensemble. However, in meiosis the absence of
Ctf3 or Ctf19 reduces the level of Cse4 at the centromeres in comparison
to the wild-type and the level of reduction is more in ctf3Δ than in
ctf19Δ (Fig. 5A). To further validate this reduction of Cse4 level in mei-
osis, we performed chromatin spread from the same culture used for
ChIP assay (Fig. 5B) and the data were consistent to the ChIP results
(Fig. 5A). Since non-centromeric Cse4 degrades soon by Psh1 [15],
restricting synthesis of new proteins by addition of cyclohexamide in
the culture medium can lead to detection of only centromere localized
Cse4 byWestern blotting [8]. We used this concept to quantify the cen-
tromere localized Cse4 by Western blot analysis from metaphase I
arrestedmeiotic cells and found a reduction in the Cse4 level in themu-
tants compared to the wild-type with more reduction in ctf3Δ than in
ctf19Δ (Fig. 5C), which is consistent to our ChIP data (Fig. 5A). These re-
sults indicate that Ctf3, though not in mitosis, may promote centromere
Fig. 4. Effect of loss of Ctf3 and COMA subcomplexes on the ensemble of mitotic and meiotic kinetochores: ChIP assay for quantifying association of A) Ndc10-6HA, B) Mtw1-6HA, and
C) Ctf19-TAP with centromeres from mitotic asynchronous and meiotic metaphase I arrested populations in the presence and absence of Ctf3 and Ctf19. NDC10-6HA (SGY344), ctf3Δ
NDC10-6HA (SGY1356), ctf19Δ NDC10-6HA (SGY350), no tag control (SGY70), MTW1-6HA (SGY368), ctf3Δ MTW1-6HA (SGY1277), ctf19Δ MTW1-6HA (SGY369), CTF3 CTF19-TAP
(SGY266), and ctf3Δ CTF19-TAP (SGY1263) strains were used, respectively. ChIP assay was performed thrice for which qPCR was performed in duplicates and the values are shown
with error bars depicting standard deviation.
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The above results cumulatively suggest that Ctf3 and COMA, although
isolated as biochemically distinct subcomplexes, act together to perform
various functions as Ctf19 complex but they may have independent
roles in assembling mitotic and meiotic kinetochores.
If Ctf3 and Ctf19 act as a single functional unit, the absence of one can
affect the centromeric localization of the other. However, previous
study with mitotic cells suggests that the localization of Ctf3 at the cen-
tromere depends on Ctf19 but not vice versa [29]. To test this furtherwe
compared the centromeric localization of Ctf19 in the absence of Ctf3 in
mitosis with that of meiosis. We observed drastic reduction in the level
of Ctf19 at the centromeres both in mitosis and meiosis in ctf3Δmutant
(Fig. 4C) which is in contrast to the earlier report [29]. One plausible ex-
planation for this disparity is that a semiquantitative approach (PCR
based quantiﬁcation) used in that previous report whereas a fully quan-
titative approach (RT-PCR based quantiﬁcation) has been adopted in
this study. Nonetheless, one of the reasons for ctf3Δ and ctf19Δmutants
showing similar defects in meiotic chromosome segregation is reduced
localization of Ctf19 in the absence of Ctf3 at the kinetochore. However,
the residual amount of Ctf19 still present at the kinetochore in ctf3Δ
mutant may be responsible for the observed difference between ctf3and ctf19 null mutants on the ensemble of mitotic and meiotic
kinetochores.
3.5. Integrity of Ctf19 complex/kinetochore is required for regulation of SPB
cohesion and duplication during meiosis
While analyzing meiotic cell cycle progression in the wild-type and
in ctf3Δ or ctf19Δ mutants (Fig. 1B), we observed that the mutants
show misaligned spindles or multiple spindles with improperly
disjoined DAPI masses at a high frequency during meiosis II (Fig. 6A).
This phenotype is similar to what has been reported earlier for rec8Δ
mutant and Ipl1 kinase depleted cells [18,52]. To investigate whether
the observed defects of spindle misalignment and multiple spindles
during meiosis II are because of production of extra SPBs and hence
multipolarity, we tagged one of the components of SPB, Spc42, with
EGFP to observe the numbers and positions of SPBs. We allowed the
wild-type, ctf3Δ, ctf19Δ and ctf3Δ ctf19Δ diploids to pass synchronously
through meiosis and harvested samples at different time points to ob-
serve cells at metaphase II and anaphase II. Immunoﬂuorescence analy-
sis showed increased percentage (~50%) of metaphase II and anaphase
II cells with multiple (more than four) SPBs in ctf3Δ, ctf19Δ and ctf3Δ
Fig. 5. Reduced localization of Cse4 in ctf3Δ and ctf19Δmutants at centromere: A) ChIP assay for quantifying association of Cse4-6HAwith centromeres frommitotic asynchronous andmei-
otic metaphase I arrested populations in the presence and absence of Ctf3 and Ctf19. CSE4-6HA (SGY 1284), ctf3Δ CSE4-6HA (SGY1286), and ctf19Δ CSE4-6HA (SGY1288) strains were used.
ChIP assaywas performed thrice forwhich qPCRwas performed induplicates and the values are shownwith error bars depicting standarddeviation. B) Dot plot and box plot showmeasured
intensity of the Cse4-6HA signal from chromatin spreads of wild-type (SGY1284), ctf3Δ (SGY1286) and ctf19Δ (SGY1288) strains frommeioticmetaphase I arrested cells. Images were taken
using the same exposure time. p value was calculated using two tailed paired T-test. * = p b 0.005; ** = p b 0.0005. Two independent experiments were performed and 50 spreads were
observed for each strain. C) Quantitative Western blot analysis showing Cse4-HA protein level from meiotic culture of WT, ctf3Δ and ctf19Δ using mouse monoclonal anti-HA antibodies
(1:5000, 12CA5, Roche, Germany). Samples were harvested for protein extraction at 3.5 h in SPMwhen cyclohexamide (20 μg/ml)was added (0 h), and after 3 h of cyclohexamide addition.
Tubulin was used as a loading control. Consistent results were obtained from two independent experiments, out of which representative data of one experiment is shown.
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sult indicates that the regulation of SPB duplication in interphase II be-
comes perturbed in the absence of Ctf3 or Ctf19 or both causing over
duplication of SPBs and multipolar spindles during meiosis II.
Earlier studies demonstrated that rec8Δ or ipl1Δmutant causes SPB
cohesion defect that leads to over-duplication of SPBs (supernumeric
SPBs) during meiosis II [18,52]. Since we observed supernumeric SPBs
in Ctf19 complex mutants during meiosis II, we wished to test whether
these cells also cause SPB cohesion defect. To test this, we allowed the
wild-type and mutant cells to enter into meiosis synchronously and
harvested samples from SPM at every half an hour interval from 3 to
6 h and performed live cell imaging to visualize Spc42-EGFP. Lack of
SPB cohesion appears as a juxtaposed sister SPBs, appeared as GFP
dots, in early meiosis I (Fig. 7A), termed as SPB ‘doublet’ conﬁguration.
We observed an increased percentage of such doublets at different
time points in ctf19Δmutant in comparison to the wild-type (Fig. 7B).
This result indicates that SPB cohesion is compromised in the absence
of Ctf19 in early meiosis I which leads to formation of supernumeric
SPBs following second round of SPB duplication in meiosis II.As mentioned earlier, it has been shown that Ipl1 is required for SPB
cohesion and suppression of SPB over-duplication [52].We hypothesize
that global Ipl1 kinase activity may be somehow compromised leading
to SPB over-duplication in the kinetochore mutants. We wished to test
this. Studies have demonstrated that sister SPBs following replication
remain side by side in meiotic prophase I. In pachytene, due to activa-
tion of Ndt80 (meiotic transcription factor), replicated SPBs start to sep-
arate with concomitant formation of spindle and SC disassembly. It has
been shown that Ipl1 prevents the formation of spindle until pachytene
and pachytene-arrested cells (due to the absence of Ndt80)were able to
form spindles in the absence of Ipl1 activity [20,52]. On the basis of this
study we hypothesized that if Ipl1 activity is reduced in the absence of
Ctf19 then pachytene-arrested ctf19Δ cells should also form spindles.
To test this, wild-type and ctf19Δ cells were arrested in pachytene by
depletion of Ndt80 usingGAL promoter [4]. Immunoﬂuorescence analy-
sis showed that both wild-type and ctf19Δ arrested cells did not form
any spindle (Fig. 8A) with no separation of SPBs suggesting that global
Ipl1 activity is intact in the mutant. However, as control, cycling cells
showed normal spindle formation and separation of SPBs.
Fig. 6. Role of Ctf19 complex proteins in regulation of SPB duplication during meiosis: A) immunoﬂuorescence analysis to show misaligned and multiple metaphase II spindles in ctf3Δ
mutant (SGY1043) as compared to the wild-type strain (SGY116). B) Histogram shows percentage of cells having 4 or N4 SPBs during meiosis II. Immunoﬂuorescence analysis revealed
increased percentage of supernumerary SPBs during meiosis II in ctf3Δ (SGY1295), ctf19Δ (SGY1299), and ctf3Δ ctf19Δ (SGY 1425) mutants in comparison to the wild type (SGY1304).
Three independent experiments were performed and more than 100 cells were observed for each strain. Average value of all experiments is shown and error bars depict standard devi-
ation. Bar = 5 μm.
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reduced localization of many other proteins (Mam1, Zip1, Ndc10,
Ndc80) at the kinetochore during meiosis [31], we hypothesized that
reduced localization of Ipl1 at the kinetochore in the absence of Ctf19
may be responsible for the observed defects in SPB cohesion and dupli-
cation in ctf19Δmutant. This is presumably because the kinetochores
are clustered together and remain very close to SPB; recruitment of
Ipl1 at each of the kinetochore may potentially place a concentrated
Ipl1 activity very close to SPB that may in turn help in regulation of
SPB cohesion and duplication during interphase II. The absence of
Ctf19may abrogate this situation. To test this, we quantiﬁed the associ-
ation of Ipl1with kinetochores in thewild-type and ctf19Δ cells arrested
at mitotic metaphase and meiotic metaphase I using microtubule
depolymerizing agents, benomyl and nocodazole. Our ChIP data negate
the possibility of reduced level of Ipl1 at the kinetochore in the absence
of Ctf19 both in mitosis and meiosis (Fig. 8B).To further investigate this more directly we observed the localiza-
tion of Ipl1 at SPB as earlier it has been shown that localization of Ipl1
close to SPB is essential for its function on SPB [20]. Chromatin spread
was performedwith Ipl1-6HA and Spc42-EGFP tagged strains from pro-
phase I cells of wild-type and ctf19Δ. Percentage of cells showing either
co-localization or not of Ipl1 and SPBwere scored and almost equal per-
centage of cells showed co-localization in the presence and absence of
Ctf19 (Fig. 8C). Therefore, we conclude that over-duplication of SPBs
in the absence of Ctf3 or Ctf19 is not due to reduced activity or associa-
tion of Ipl1 at SPB or at kinetochore.
3.6. Increased distance between SPB and the declustered centromeres can
cause SPB cohesion defect and multipolarity
As there is a cohesin rich domain around each centromere [10], we
hypothesized that close proximity of the centromere cluster to SPB
Fig. 7. The absence of Ctf19 leads to SPB cohesion defect during meiosis I: A) representative images show singlet and doublet conﬁgurations of sister SPBs. B) Cells with doublet SPB con-
ﬁguration (due to loss of SPB cohesion) duringmeiosis I were counted in thewild-type (SGY1304) and ctf19Δmutant (SGY1299) at indicated time points from synchronizedmeiosis. Two
independent experimentswere performed and 100 cells were observed for each time point. Average value from two experiments is shown in histogram and error bars represent standard
deviation. Bar = 5 μm.
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be essential to provide SPB cohesion function (Fig. S3). The absence of
Ctf19 reduces pericentromeric cohesin [31], and as a result it may not
provide sufﬁcient cohesion function at the SPBs. Additionally, it is also
possible that the distance between SPB and centromere increases in
the absence of Ctf19 due to weak kinetochore–microtubule attach-
ments, and as a result, centromeric cohesin is unable to transfer its cohe-
sion function at the SPBs in the absence of Ctf19. To test this, we
measured the distances between SPBs (SPC42-RedStar) and the CENVs
(CENV-GFP) in metaphase I arrested cells of the wild-type and ctf19Δ
mutant from the deconvolved projected images.We found an increased
distance between SPBs and the CENV in ctf19Δmutant in comparison to
the wild-type (Fig. 9A). Additionally, the average 3D distance between
SPBs to the centromeres in the wild-type strain was found to be
790 nm and we counted the percentage of cell population in the wild-
type and ctf19Δmutant which showedmore than this average distance
between SPBs and the centromeres. This analysis revealed that 20%
more cells of ctf19Δ mutant showed more than 790 nm distance be-
tween SPB and the centromere in comparison to the wild-type
(Fig. S4A) and thus supporting the notion that distance between SPBs
and centromeres increases in the absence of Ctf19. The above results
indicate that the SPB cohesion defect and subsequent multipolarity ob-
served in ctf19Δmutantmay be because SPB cannot acquire the cohesin
function due to reduced level of cohesin surrounding the centromere
and/or increased distance between SPBs and the centromeres.As ctf19Δmutant has reduced level of cohesin at the pericentromeres,
it is not clear whether the observed SPB cohesion defect is because of in-
creased distance between SPBs to the centromeres or it is because of re-
duced level of pericentromeric cohesin. To distinguish between these
two possibilities, we created a condition in the wild-type strain in
which the distance between SPBs and the centromeres was increased
by weakening the kinetochore–microtubule attachments using beno-
myl [50]. Since the wild-type strain has normal level of cohesin at the
pericentromeres, the possibility based on reduced level of cohesin at
the pericentromeres can be void. We deletedMAD2 in this strain to in-
activate the spindle assembly checkpoint to allow the progression of the
meiotic cell cycle in the absence of microtubules. This strain was re-
leased synchronously into SPM and benomyl (60 μg/ml) was added in
SPM at 5 h so that the cells have passed the pachytene checkpoint be-
fore addition of the drug [17]. A parallel mock experiment was per-
formed using only DMSO in the culture. Chromatin spread was
performed to resolve replicated SPB foci frommock and benomyl treat-
ed samples. Analysis of the spreads revealed that around 50% of the
spreads showed supernumeric SPBs from the culture where the drug
was added compared to only 6% of such cases from the drug free culture
(Fig. 9B). To conﬁrmwhether proximity between SPB and centromere is
indeed decreased after addition of benomyl, we constructed wild-type
strain with homozygous CENV-GFP, pCLB2-CDC20 and performed im-
munoﬂuorescence using anti-tubulin and anti-GFP antibodies using
the same experimental condition as in Fig. 9B. We found reduced
Fig. 8.Multipolarity generated in ctf3Δ or ctf19Δmutant is not due to reduced function of Ipl1. A) Immunoﬂuorescence analysis showing percentage of cells with two or more than two
SPBs in thewild-type cycling (SGY1320), wild-type pachytene-arrested (SGY1372) and ctf19Δ cycling (SGY1325) and ctf19Δ pachytene-arrested (SGY1374) cells. 100 cells were analyzed
for each strain at every indicated time point. Consistent results were obtained from two independent experiments, out of which representative data of one experiment is shown. Bar =
5 μm.B) ChIP assay for quantifying association of Ipl1-6HAwith centromeres duringmitosis andmeiosis in the presence and absence of Ctf19. Cellswere arrested atmitoticmetaphase and
meiotic metaphase I using benomyl (30 μg/ml) and nocodazole (15 μg/ml). IPL1-6HA (SGY1320) and ctf19Δ IPL1-6HA (SGY1325) strains were used. ChIP assay was performed twice for
which qPCRwas performed in duplicates and the values are shownwith error bars depicting standard deviation. C) Chromatin spread showing localization of Ipl1-6HA and Spc42-EGFP in
prophase I cells of wild-type (SGY1372) and ctf19Δ (SGY1374). On the basis of localization of Ipl1 with respect to SPB cells were divided into three categories: co-localization, cells with
complete overlapping signals of Ipl1 and SPB; proximal, cells with Ipl1 signal observed in near vicinity to SPB but not overlapping; and no co-localization, cells showing signal of Ipl1 not
overlapping and far from SPB. 100 cells were analyzed for each strain and error bar shows standard error from two independent experiments. Bar = 5 μm.
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comparison to the mock culture (Fig. S4B). The above results suggest
that close proximity of SPB to the centromeres is crucial for suppressing
multipolarity.
It is also possible that cohesin rich domain surrounding the clustered
centromere is perturbed because of declustering of the centromeres inthe absence of the microtubules in the above experiment. To test this,
Ndc10, an inner kinetochore protein was used as a marker for centro-
mere andwas tagged with EGFP in thewild-type cells. Live cell imaging
was performed in the presence and absence of the microtubules using
the same experimental condition as mentioned above. We observed
that 70% of the cells showed centromere declustering in the absence
Fig. 9. Increased CEN–SPB distance and centromeredeclustering are responsible for over-duplication of SPBsduringmeiosis II: A) live cell imaging frommetaphase I arrested cultures of the
wild-type (SGY1368) and ctf19Δmutant (SGY1370) to visualize CENV-GFP and Spc42-Redstar. Distance between CENV to SPB was measured in 2D from deconvolved images. One of the
two Spc42-Redstar spots was less intense due to long maturation time of newly replicated Redstar tagged Spc42. SPBs were classiﬁed in two categories based on their relative distance
from CENV. The farthest SPB is shown by a pink arrow and the nearest by a blue arrow. B) Chromatin spread to visualize Spc42-GFP and chromatin in the wild-type cells harboring
mad2Δ mutation (SGY1347). More than 4 SPBs (multipolarity) were observed at the end of meiosis in benomyl treated sample. Bar = 5 μm. C) Live cell imaging of wild-type cells
(SGY 393) harboring NDC10-EGFP and pCLB2-CDC20. Field view showing declustering of Ndc10 foci in benomyl treated sample. Two independent experiments were performed and
more than 30 cells, for A, more than 50 spreads, for B, and 100 cells, for C, were counted. Bar = 5 μm.
681M. Agarwal et al. / Biochimica et Biophysica Acta 1853 (2015) 671–684of themicrotubuleswhereas only 25% cells showed this phenomenon in
the presence of themicrotubules (Fig. 9C). To be noted that declustering
of centromere in meiosis was also observed in ctf19Δ mutant duringmeiosis [31]. Collectively, these experiments suggest that the presence
of a clustered centromere very close to SPB is essential for suppression
of supernumerary SPBs during meiosis II.
682 M. Agarwal et al. / Biochimica et Biophysica Acta 1853 (2015) 671–6844. Discussion
4.1. Does Ctf19 complex function as a single unit?
The components of Ctf19 complex have been isolated in separate
subgroups as stable biochemical subcomplex such as COMA, Ctf3 and
Iml3–Chl4 (Fig. S1, [9,29,46,58]). However, subsequent study showed
that all these subcomplexes can together be isolable and hence the en-
tire assembly is now called as Ctf19 complex [6]. Evidence that all these
proteins can promote enrichment of pericentric cohesin [11,31] has also
supported the integrity of the Ctf19 complex as unison. However, some
observations suggest that all the proteins of this complex will work to-
gether as a single functional unit may not hold true. First, while most of
the proteins are non-essential for vegetative growth, Ame1 and Okp1,
which also solely reside at the centromere, are essential for viability
[47]. Second, recently using cells with microtubule stress, we have
shown that Iml3 and Chl4 might have distinct function at the kineto-
chore [22]. Third, Chl4 speciﬁcally exhibits de novo assembly of centro-
meres [40]. Fourth, in human CENP-N (homolog of Chl4) and CENP-L
(homolog of Iml3) become anchored to the centromere through their
interactions with CENP-A nucleosome [5] and CENP-C that binds to
the DNA [16]. CENP-N and CENP-L then in turn assemble CCAN (Consti-
tutive Centromere Associated Network, [5]) proteins that are homolo-
gous to several proteins of Ctf19 complex. These results suggest that
all the proteins of Ctf19 complex may not come together at the kineto-
chore and act as a single unit. To address this, in this study, we have
characterized the ctf3Δ mutant and have compared the phenotypes
(mostly meiotic) with that of the ctf19Δmutant phenotypes obtained
from this study or our previous study [31]. We conclude from our data
that there may be hardly any non-overlapping functions among differ-
ent non-essential proteins of the Ctf19 complex and absence of one
may relinquish other at the centromere. However, their individual ab-
sence appears to make different impacts on the organization of the ki-
netochore with a common role in loading/maintenance of Cse4 at the
meiotic kinetochore. Our analysis revealed a novel role of this complex
or kinetochore in SPB cohesion and regulation of SPB duplication in
meiosis.
4.2. Ctf3 and COMA subcomplexes share several similar functions at the
kinetochore: COMA appears to have dominant role over Ctf3
To judge the extent of defect inmeiosis,we analyzed spore viabilities
in the absence of Ctf3 or COMA complex or both. We failed to get any
synthetic enhancement of defect in ctf3Δ ctf19Δ doublemutant as com-
pared to ctf19Δ single mutant (Fig. 1A). We found ctf3Δ progresses
faster than ctf19Δ in meiosis while the pace of the double mutant is in
between the single mutants. This suggests that the defect at the kineto-
chore may be milder in ctf3Δ than in ctf19Δ and hence may be sensed
less by the checkpoints. However, in the double mutant, loss of both
proteins may cause a certain structural alteration of the kinetochore
making recruitment of checkpoint proteins at the kinetochore difﬁcult
and thus causes slight alleviation of the arrest phenotype. Nevertheless,
these results indicate that COMA subcomplex might have some other
role at the kinetochore independent of Ctf3. However, analysis of meta-
phase I spindle length and extent of chromosome bridging during ana-
phase I (Fig. 2A, C, [31]) indicate that cohesin and condensin related
defects are similar in ctf3Δ and ctf19Δmutants and ctf3Δ ctf19Δ double
mutant did not show any synthetic enhancement of defects over the
single mutants. Interestingly, we noticed repeatedly in this study and
in the previous study [31] that in both mutants, cohesin at the
pericentromere becomes reduced but not at the core centromeres
(Fig. 3B). How a considerable amount of cohesin can be loaded at the
core centromere without much accumulation of cohesin loader Scc2/
Scc4 at the same region in these mutants (Fig. 3C) is not understood
presently. However, we noticed that, in contrast to metaphase I stage
(Fig. 3C), in early S phase the localization of Scc2 is not perturbed inthemutant compared to thewild-type (Fig. S2B). This suggests that ini-
tial recruitment of the cohesin loader Scc2/Scc4 may occur at early S
phase even in the absence of Ctf3 and Ctf19. However, given that assem-
bly of meiotic kinetochore takes place late after S phase [39], the effect
of lack of Ctf3 or Ctf19 may be perceived late and under such condition
Scc2/Scc4 cannot be maintained at the centromere and pericentromere
until metaphase I. Thismay also explain how core centromeremight re-
tain cohesin in ctf3Δ/ctf19Δmutant atmetaphase I. Perhaps, the cohesin
initially becomes loaded along with Scc2/Scc4 both at the centromere
and pericentromere but later due to lack of kinetochore assembly, it be-
comes dislodged from the pericentromere but not from the centromere.
4.3. Ctf3 and COMA subcomplexes show subtle differences in their impact
on kinetochore ensemble during mitosis and meiosis: a meiosis speciﬁc role
in loading/maintenance of Cse4
Earlier we have reported that the absence of Ctf19 perturbs the hier-
archical assembly of the kinetochore differently in meiosis over mitosis
[31]. We reasoned that if Ctf3 and Ctf19, being part of separate Ctf3 and
COMA subcomplexes, respectively, function together as a single unit,
then removal of either of the proteinwouldmean inactivation of the en-
tire unit (Ctf19 complex) and hence should perturb the hierarchical ki-
netochore organization in identical way. To address this, we performed
interdependent ChIP assay and probed the localization of Ndc10, Mtw1
and Cse4 at the centromere in the presence and absence of Ctf3 and
Ctf19 during mitosis and meiosis. Ndc10 and Mtw1 were chosen as ac-
cording to the previous study [31], the level of Ndc10 is reducedwhere-
as the level of Mtw1 remains unaltered in meiosis compared to mitosis
in the absence of Ctf19. Cse4 was chosen as S. pombe homolog of Ctf3,
Mis6 has been shown to promote Cnp1 (S. pombe homolog of Cse4)
binding at the centromere [55]. Our results indicate that the absence
Ctf3 or Ctf19 affects the ensemble of mitotic and meiotic kinetochores
with subtle differences (Fig. 4, 5). For example the absence of Ctf19
does not alter the level of Mtw1 over thewild-type atmitotic or meiotic
kinetochores whereas lack of Ctf3 causes deposition of higher level of
Mtw1 at the meiotic kinetochore (Fig. 4B). Alternatively, we cannot
rule out that in the latter case the same level ofMtw1 binds at the kinet-
ochore, however, with altered positioning where epitope surface is
more exposed causing more efﬁcient pull down in ChIP. Interestingly,
we found that the absence of both Ctf3 and Ctf19 reduces the level of
Cse4 at the centromere speciﬁcally in meiosis but not in mitosis
(Fig. 5A). In fact, the absence of Ctf19 causes enrichment of Cse4 at the
centromere in mitosis. The reason for this is not clear now. However,
meiosis speciﬁc reduction in Cse4 localization at the centromere may
be due to reduced targeting of Ndc10 at this locus in these mutants
(Fig. 4A, [31]). Alternatively, but not mutually exclusive, given the abil-
ity of CENP-N (homolog of Chl4) to bind CENP-A nucleosome in human
[5], Ctf19 complex might have meiosis speciﬁc CBF3-independent role
in deposition/maintenance of Cse4 at the centromere. A recent study
has shown that in ﬁssion yeast Eic1 (Mis18 interacting protein) is re-
sponsible for the maintenance of Cnp1CENP-A at the centromeres by
recruiting its chaperones HJURPsmc3 and Mis18 and Eic1 also associates
with CCAN/Mis6/Ctf19 complex [54]. This study shows Eic1 as the
connecting link between CCAN/Mis6/Ctf19 complex with Cnp1CENP-A
in ﬁssion yeast. Thus, it is possible that in budding yeast, hitherto un-
known meiosis speciﬁc factor orthologous to Eic1, may act as a linker
between Ctf19 complex and Cse4CENP-A and because of the absence of
Ctf19 complex, that unknown factor is not able to load/maintain
Cse4 at the centromere. Nevertheless, it is evident from our data that re-
moval of Ctf3 or Ctf19 affects the integrity of both mitotic and meiotic
kinetochores with subtle differences. Since phenotypic analysis of
ctf3Δ and ctf19Δ mutants showed that several of the functions like
pericentromeric cohesin enrichment etc. are similarly affected in both
mutants, we argued that the removal of one protein should at least re-
duce the level of the other at the centromere. However, earlier report
showed that recruitment of Ctf19 cannot be perturbed in the absence
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proach and found that the level of Ctf19 is largely reduced in ctf3Δmu-
tant (Fig. 4C). Thus, we believe that Ctf3 and Ctf19 affect each other's
localization at the centromere during mitosis and meiosis and thus
share several of the functions at the kinetochore. However, they may
not form the same functional unit as the absence of each of them has
moderately different impacts on the assembly of the kinetochore.
4.4. Intact Ctf19 complex/kinetochore regulates SPB cohesion and
duplication during interphase II: directly or indirectly?
We noticed meiosis II spindles are abnormal in number, length and
alignment both in ctf3Δ and ctf19Δ mutants (Fig. 6A). Longer spindle
in metaphase II is expected as thesemutants are deﬁcient in pericentric
cohesin enrichment [11,31] and loss of cohesion between the sisters can
lead to an increase in the spindle length. Misaligned spindle might have
also caused due to cohesion defect as a function of unequal resistance
against the microtubule mediated poleward force. We were rather sur-
prised to observemore than two spindles in a signiﬁcant number of cells
(Fig. 6A) suggesting that those cells aremultipolar and it turned out that
in about 50% of themutant cells the number of SPBswasmore than four
(Fig. 6B). This indicates that the regulation of SPB duplication (two to
four) during interphase II becomes perturbed in the absence of Ctf3 or
Ctf19 proteins. Ctf3 and COMA subcomplexes appear to work in the
same pathway in this context as we observed similar level of SPB
misduplication in ctf3Δ ctf19Δ double mutant.
Earlier report showed that Ipl1 kinase is required for regulation of
sister SPB cohesion that culminates into proper duplication of SPB dur-
ing interphase II [52]. We also found, in addition to supernumeric SPBs,
increased population of ctf19mutant cells compromised sister SPB co-
hesion as judged by appearance of doublet SPBs (Fig. 7B). However,
this cohesion defect and over-duplication of SPB in the mutant is not
due to any overall reduction in Ipl1 activity as we failed to get any re-
duction in the activity in the mutant (Fig. 8A). Further, we presumed
that an augmented Ipl1 kinase function very close to SPB emerged due
to localization of Ipl1 at the clustered centromeres is crucial for regula-
tion of SPB duplication during interphase II. We hypothesized that the
absence of Ctf3 or Ctf19 may abrogate this by reducing the level of
Ipl1 at the kinetochore as it happens with many other proteins such as
Ndc10, Mam1, Zip1 and Rec8 (Fig. 4A, [31]). However, our ChIP-qPCR
analysis for the localization of Ipl1 at the kinetochore revealed that
there is no reduction in the association of Ipl1 at the kinetochore in
the absence of Ctf19 (Fig. 8B). This is further corroborated by no reduc-
tion in co-localization of Ipl1 and SPB in the mutant over the wild-type
(Fig. 8C).
In higher eukaryotes it has been shown that cohesin cleavage is re-
quired for disengagement of centrioles suggesting a role of cohesin in
centrosome function [32,51,56]. Consequently, inhibition of separase
blocks the separation of the centrosomes [56]. Similarly, using cells de-
leted for Rec8 in budding yeast, it has been demonstrated that cohesin is
required for SPB cohesion in prophase and that is required for regulation
of SPB duplication in interphase II [18]. From our observation that kinet-
ochore mutant is giving similarmultipolar phenotype as rec8Δ cells, we
hypothesize that in the wild-type the cohesin function at SPBs is donat-
ed from closely placed cohesin enriched domain developed due to high
cohesin deposition surrounding the centromeres and existence of the
centromeres as clusters close to SPB (Fig. S3). Since in ctf3Δ or ctf19Δ
mutant this cohesin enriched domain is drastically reduced as cohesin
level becomes low at the individual pericentromere (Fig. 3B, [11,31]),
nearby SPBs may not get sufﬁcient cohesin function and duplicates ab-
normally. It is also possible that in the mutant the distance between
the SPB and the centromere increases and/or centromeres become
declustered due to faulty kinetochore–microtubule attachment which
might aggravate the situation. This turns out to be true as our analysis
showed an increased distance between SPBs and centromeres and
declustered centromeres in ctf19Δ during meiosis (Fig. 9A, [31]).The importance of CEN–SPB distance and positioning of the centro-
meres as cluster in this context was further corroborated whenwe sim-
ulated the defect of multipolarity in the wild-type strains by disrupting
kinetochore–microtubule interactions (Fig. 9B). However, we failed to
get any enhancement of sister SPB cohesion defect in prophase I cells
under this condition (Fig. S5). This may be due to the fact that in the ab-
sence of microtubule even marginal promiscuous separation of non-
cohered sister SPBs leading to ‘doublet’ conﬁguration failed to occur.
Nevertheless, our results suggest that increase in CEN–SPB distance
and declustering of the centromere are sufﬁcient to cause supernumer-
ary SPBs. Collectively, these results support our hypothesis that posi-
tioning of the cluster of centromeres (each of which harboring cohesin
rich domain) close to SPB brings a highly cohesin rich domain near
SPBwhich is crucial for SPB to gain cohesin function (Fig. S3). Disruption
of kinetochore integrity can perturb this process either by increasing
CEN–SPB distance or by reducing the cohesin level at the individual cen-
tromere or by causing centromere declustering or by all of these. How
cohesin function is acquired by SPB from clustered centromeres at the
molecular level is beyond the scope of this study. However, given the
occurrence of centromere clustering in human [53] and the role of
cohesin in centrosome engagement [51], it would be interesting to
test whether such an effect of integrity of kinetochore persists on biolo-
gy of MTOC (microtubule organizing center) in higher system.
In summary, in this studywe show that although there are biochem-
ically stable sub-complexes like Ctf3 and COMA, within Ctf19 com-
plexes, the proteins of the sub-complexes may function in the same
pathway. However, there is a subtle difference in the hierarchical orga-
nization of kinetochore assembly between ctf3Δ and ctf19Δ mutants
which may converge into similar type of phenotypic effects. More sig-
niﬁcant role of non-essential Ctf19 complex inmeiosis is further corrob-
orated by evidence that these proteins may promote Cse4 containing
centromeric nucleosome formation/maintenance speciﬁcally in meio-
sis. This study reveals that Ctf19 complex or the integrity of the kineto-
chore structure is essential for accurate duplication of SPBs in between
meiosis I and II whichmight reﬂect yet another novel function of the ki-
netochore as a functional hub to regulate faithful chromosome segrega-
tion. Ctf19 complex-competent kinetochore promotes pericentric
cohesin enrichment and early replication of the centromere through re-
cruitment of DDK kinase at the centromere [42], future studymay reveal
if SPB cohesion and duplication are also governed by phosphorylation of
key DDK substrates at SPB.
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